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(54) CONTROLLING AIRCRAFT VFG OVER VOLTAGE UNDER FAULT OR LOAD-SHED

(57) Embodiments include a technique for controlling
aircraft VFG over voltage under fault or load-shed, the
techniques includes using a control unit for generating
signals to maintain a terminal output voltage and frequen-
cy, and a variable frequency generator, coupled to the
control unit, for generating the terminal output voltage.
The variable frequency generator includes a stator (102)
having a set of primary stator windings (104) and a set

of secondary stator windings (106) for generating the ter-
minal output voltage, and a switch (108) coupled to the
set of secondary stator windings, the switch is configured
to operate at a threshold frequency of the VFG to regulate
the terminal output voltage by supplementing the terminal
output voltage produced by the set of primary stator wind-
ings reducing the VFG fault over-voltage.
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Description

BACKGROUND

[0001] The present invention relates generally to elec-
trical generators, and more particularly, the present in-
vention relates to an apparatus and method for control-
ling aircraft VFG over-voltage under fault or load-shed.
[0002] Power electronics play a significant role in the
modern aircraft and spacecraft industry. Generators can
be used to convert mechanical energy into electrical en-
ergy to provide electrical power to various systems. Fixed
frequency generators and variable frequency generators
(VFG) can be used to provide power to the aircraft. The
output power of the VFG is a function of the rotational
speed of the generator and the connected load. A con-
stant output voltage must be supplied by the generator
in order to be usable by the aircraft’s electronics. The
size of the components of electronics determines the high
voltage capacity and maximum level capability of the
power system. Systems can be designed to withstand
faults and over-voltages that can occur.

BRIEF DESCRIPTION

[0003] An embodiment includes a system for control-
ling aircraft VFG over-voltage under fault or load-shed.
The system includes a control unit for generating signals
to maintain a terminal output voltage and frequency, and
a variable frequency generator, coupled to the control
unit, for generating the terminal output voltage. The var-
iable frequency generator includes a stator having a set
of primary stator windings and a set of secondary stator
windings for generating the terminal output voltage, and
a switch coupled to the set of secondary stator windings,
the switch is configured to operate at a threshold frequen-
cy of the VFG to regulate the terminal output voltage by
supplementing the terminal output voltage produced by
the set of primary stator windings reducing the VFG fault
over-voltage.
[0004] Another embodiment includes a method for
controlling aircraft VFG over-voltage under fault or load-
shed. The method includes generating signals, by a con-
trol unit, to maintain a terminal output voltage and fre-
quency of the VFG, and generating, by the VFG, the ter-
minal output voltage. The VFG includes a stator having
a set of primary stator windings and a set of secondary
stator windings for generating the terminal output volt-
age. The method includes operating a switch coupled to
the set of secondary stator windings, the switch being
configured to operate at a threshold frequency of the
VFG, to regulate the terminal output voltage by supple-
menting the terminal output voltage produced by the set
of primary stator windings reducing the VFG fault over-
voltage.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] The subject matter which is regarded as the
present disclosure is particularly pointed out and distinct-
ly claimed in the claims at the conclusion of the specifi-
cation. The foregoing and other features, and advantag-
es of the present disclosure are apparent from the fol-
lowing detailed description taken in conjunction with the
accompanying drawings in which:

FIG. 1 illustrates a system for controlling aircraft var-
iable frequency generator VFG over-voltage under
fault or load-shed;

FIG. 2A and 2B illustrate a model for controlling air-
craft VFG over-voltage under fault or load-shed;

FIG. 3, 4, 5, and 6 illustrate phasor diagrams for con-
trolling aircraft VFG over-voltage under fault or load-
shed;

FIG. 7A and 7B illustrate a configuration for control-
ling aircraft VFG over-voltage under fault or load-
shed;

FIG. 8A, 8B, 8C, and 8D illustrate various switch
types for controlling aircraft VFG over-voltage under
fault or load-shed; and

FIG. 9A and 9B illustrate a graph for controlling air-
craft VFG over-voltage under fault or load-shed.

DETAILED DESCRIPTION

[0006] A prior art generating system including a varia-
ble Frequency generator (VFG) controlled by a generator
control unit (GCU) for generating variable frequency con-
stant voltage power for driving aircraft loads. Large por-
tion of the VFG loads are electronic type of loads.
[0007] In the cases of fixed frequency generators, the
generator generates relatively moderate over-voltages
under fault. However, in cases using VFGs, the varying
speed affects the frequency of the terminal output volt-
age, which in turn affects the output voltage level.
[0008] A generator produces internal electromotive
force (emf) E that is continuously regulated by a GCU to
maintain a constant terminal voltage V. Under a no-load
condition, E = V because voltage drop over synchronous
reactance (that is, the total effects of the stator winding
reactance and armature reactance) is zero. Under load
conditions, when load current is not zero, and hence the
reactance drop is not zero, the emf E is increased auto-
matically by the GCU to compensate for the voltage drop
so that the terminal voltage can be maintained. For a
generator designed for a fixed 400Hz frequency, the sta-
tor core size and windings can be selected to limit the
ability of the generator to produce an emf E higher than
the permissible maximum voltage limit of the electrical
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system it powers.
[0009] For generators designed to operate over a fre-
quency range different challenges are presented. Due to
higher synchronous reactance voltage drops, a higher
internal emf is needed (as illustrated in FIG. 5 and FIG.
6) to maintain fixed terminal output voltage at higher fre-
quencies. The risk of higher over-voltage faults can re-
alized at higher frequencies when compared to operating
at low or minimum frequency of the system.
[0010] Issues can arise when a load on the generator
is suddenly reduced or removed. This issue can be com-
pounded when used in conjunction with a variable speed
generator. Such generators produce an output from the
main stator windings over a wide frequency range (for
example, 400 Hertz (Hz) to 800Hz). The generator is de-
signed to provide the desired regulated voltage for a full
load at the lower end of the frequency range and therefore
has a much higher output voltage capability at the higher
end of the frequency range.
[0011] When the load is suddenly reduced or removed,
the generator terminal output voltage rises to a level close
to the internal emf or E if the generator core is not satu-
rated. At higher frequency (Fig 5) the internal emf E can
be significantly higher than that at low frequency (Fig 4)
therefore the terminal voltage at fault can be much higher.
This can lead to transient over-voltages which are be-
yond permissible levels and can cause damage to equip-
ment supplied by the generator.
[0012] In an embodiment, if the internal emf Ec is main-
tained closer to a lower magnitude under all operating
frequencies, the fault voltage and fault current would be
reduced to a similar corresponding level of those under
fixed frequency generator cases (for example, as illus-
trated by the dashed lines in FIG. 6). The peak fault cur-
rent seen by power electronic devices would be lower
(the same as that in fixed frequency generator) therefore
component size and costs for all line-replacement units
in the power system can be reduced.
[0013] The terminal output voltage of the generator can
be configured for various applications. In one or more
embodiments, aircraft applications can use 115 volts (V).
As a load is placed on the terminals of the generator, the
output voltage will begin to drop. In an effort to maintain
the output voltage, the current of the rotor can be in-
creased to compensate for the reduced output voltage.
This current can boost the output voltage of the generator
to 115 V.
[0014] In VFGs, at higher frequencies, the danger is
realized at the highest speed when the load is suddenly
removed. The spike in voltage becomes even higher
when compared to operating at the lowest speed. The
connected equipment will no longer be able to withstand
the spike at the highest speed. If the connected equip-
ment is designed to saturate at a low speed, the issue
becomes critical. This occurs because there is an exces-
sive amount of current remaining in the field and stator
windings and cannot be removed fast enough to bring
the voltage down to avoid damage to the connected

equipment.
[0015] Using the technique described herein, the cur-
rent supplied to the main field and the operation of GCU
is unaffected and untapped with. Instead, a set of sec-
ondary stator windings of smaller size with different
equivalent wire gauge or number of turns is used and
these windings are switched by a set of switches to offset
the "armature reaction" effects or the effective synchro-
nous reactance of the stator windings. This is illustrated
in Fig. 2A, Fig. 2B and dashed line in Fig. 6. This allows
for the output voltage of the generator to be controlled,
while reducing the risk of over-voltage.
[0016] In one or more embodiments, power electronic
switches connected to the VFG would have to be sized
for peak transient fault current (Epk/Ls). At 800Hz this
value can be very high as explained.
[0017] Now referring to FIG. 1 a stator 102 of a system
100 for controlling aircraft VFG over-voltage under fault
or load-shed. The stator 102 of a VFG includes a set of
primary stator windings 104 and a set of secondary stator
windings 106. The secondary stator windings are cou-
pled to a switch 108 that is used to regulate the synchro-
nous reactance voltage drop (jXs*I) and the emf (E) of
the generator. In one or more embodiments, the switch
can be a PWM controlled insulated-gate bipolar transistor
IGBT switch. In a different embodiment, the switch can
be other type of semiconductor switches. The secondary
stator windings 106 can be controlled by a control unit.
[0018] In one or more embodiments, the VFG can op-
erate between 400Hz and 800Hz. Under normal opera-
tion, the primary stator windings 104 will provide the emf
needed for operation. As the frequency of the VFG in-
creases, the secondary stator windings 106 will be
switched to supplement the emf generated by the primary
stator windings 104. In one or more embodiments, when
the frequency exceeds a configurable threshold, the sec-
ondary stator windings 106 will be switched to supple-
ment the emf generated by the primary stator windings
104. As the secondary stator windings 106 supplement
the primary stator winding 104, the primary stator wind-
ings 104 are no longer required to produce as much emf
at the higher frequency, thus reducing the risk of over-
voltage. The secondary stator windings 106 are control-
led by the switch 108. Current is injected into the sec-
ondary stator windings 106, under the control of the
switch 108, to generate the voltage needed. If a fault is
detected, the switch 108 is operated to prevent the flow
of current to the set of secondary windings 106 and the
terminal output voltage is maintained using the set of
primary stator windings.
[0019] In the event a fault or sudden removal of a load
is detected by the VFG, the switch 108 can control the
secondary stator windings 106 to stop generating the emf
to supplement the emf generated by the primary windings
104 by controlling the amount of current supplied to the
secondary stator windings 106. This allows the VFG to
quickly and efficiently control the terminal output voltage
using the secondary stator windings 106 and switch 108.
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[0020] In one or more embodiments, the switch 108
can be controlled to increase emf generated by the sec-
ondary stator windings 106 as the frequency increases
to maintain the output terminal voltage by injecting cur-
rent into the secondary stator windings.
[0021] In one or more embodiments, a PWM switch is
used and the PWM duty cycle can be increased/de-
creased as the frequency changes to regulate the reac-
tance at the same value at different frequencies. This
configuration allows for the internal emf to be maintained
closer to a lower magnitude under all operating frequen-
cies to effectively reduce the fault voltage and fault cur-
rent. In one or more embodiments, the separate set of
secondary stator windings can be used to regulate the
synchronous reactance drop so that the total E is main-
tained at the substantially the same magnitude as that
under 400Hz case.
[0022] In this case, there is another 3-phase winding
that is used to generate power. Inverters can be used to
inject current into the secondary 3-phase winding to con-
trol the supplemental emf. An inverter can be used to
control the current injected into the secondary winding.
[0023] In one or more embodiments, the stator wind-
ings can include various wire gauge sizes and the stator
windings can have a different number of turns. In one or
more embodiments, the primary stator windings of the
stator uses a larger wire gauge size than the secondary
stator windings and the secondary windings have a high-
er number of turns.
[0024] In a different embodiment, the system can be
coupled with a permanent magnet generator (PMG) to
stop the PMG from generating fault voltage and current,
or regulate transient faults.
[0025] In one or more embodiments, the generator can
be designed for a fixed frequency. That is the stator core
size and windings can be selected to achieve a desired
performance. In an embodiment, the generator can be
designed for a fixed 400Hz frequency.
[0026] In one or more embodiments, power electronic
switches connected to the VFG can be sized for peak
transient fault current (Epk/Ls). At increased frequencies,
e.g. 800Hz, this value can be very high as explained.
[0027] Referring to FIG. 2A, a model 200A for control-
ling aircraft VFG overload under over-voltage or load-
shed is provided. The model 200A provides a configura-
tion for a set of magnetically coupled stator windings (Lc
and Ls) that can be switched by the semiconductor switch
SW. M represents the magnetically coupled stator wind-
ings. In an embodiment, the switch SW is a PWM con-
trolled switch. The synchronous reactance (jXs * I) and
emf (E) can be regulated by using the set of windings
that is PWM switched. FIG. 2B provides an equivalent
model 200B for FIG. 2A when the coupled inductor is
partially shorted by a PWM controlled switch.
[0028] Referring to FIG. 3, a phasor diagram 300 for
controlling aircraft over-voltage is shown. Under a no-
load condition, the internal emf E is equal to the terminal
output voltage V (E = V) because the voltage drop over

synchronous reactance is zero. FIG. 3 depicts the no-
load condition as shown the E vector and V vector (over-
laid upon one another) are the same magnitude and are
in the same direction resulting in the synchronous reac-
tance (jXs * I) is zero. However, as the frequency of the
VFG increases, the synchronous reactance also increas-
es. In turn, the emf E must be increased to overcome the
increase in the synchronous reactance drop to maintain
the terminal output voltage.
[0029] Now referring to FIG. 4, a phasor diagram 400
for 400Hz operation for a given VFG is shown. The ex-
ample phasor diagram 400 illustrates the terminal output
voltage V, a synchronous drop (jXs * I), and an internal
emf E generated by the primary stator windings. Due to
the load placed on the output terminals of the VFG, a
synchronous reactance is realized.
[0030] Now referring to FIG. 5, a phasor diagram 500
for 800Hz operation for a given VFG is shown. The ex-
ample phasor diagram 500 illustrates the terminal output
voltage V, a synchronous voltage drop (jXs * I), and an
internal emf E generated by the VFG. In this example,
as the frequency increased from 400Hz to 800Hz the
synchronous reactance has also increases. The magni-
tude of (jXs * I) has doubled and the magnitude of the
internal emf E produced by the primary stator windings
is significantly larger to compensate for the synchronous
reactance voltage drop. As shown by comparing the
phasor diagrams of FIG. 4 and FIG. 5, if the load is sud-
denly removed from the system the overload voltage at
the higher frequency is likely to cause more damage giv-
en the larger emf E.
[0031] In this particular instance, there is a substantial
amount of current remaining in the rotor winding and is
not removed or discharged fast enough to avoid damag-
ing the connected equipment. Therefore, the disclosure
provides a technique for reducing the amount of current
in the main field and augmenting with a secondary stator
winding that is controlled by a switch to boost the voltage
produced by the primary stator windings. Efficient control
over the secondary winding can be performed and can
be switched quickly in response to a fault detection or
sudden load removal. In the event a load is reduced or
removed, the secondary stator windings can stop sup-
plementing the emf produced by the primary stator wind-
ings and the output voltage can still be maintained. In
addition, the secondary stator windings can be controlled
to provide magnetic flux in whichever direction that it is
needed by controlling the amount of current injected into
the secondary stator windings.
[0032] Referring now to FIG. 6, a phasor diagram 600
for controlling aircraft VFG over voltage is shown. The
VFG includes primary stator windings in combination with
the secondary stator windings.
[0033] As the secondary stator windings are operating,
less exciter current is needed in the primary stators wind-
ings to maintain the terminal output voltage, therefore
reducing the risk of over voltage and over current dam-
age. In one or more embodiments, the current is injected
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into the secondary stator windings to create a phasor
(jXc * Ic) that is 180 degrees out of phase to jXs * I. The
resultant Ec would be closer to E at 400Hz, the minimum
frequency range. The control of the magnitude for (Xc *
Ic) can be open-loop in nature. It can have a feed-forward
style such as k * (f-400), where k is a constant, f is the
VFG frequency, and 400Hz is the reference frequency.
The operation of the secondary stator windings reduces
the electromotive force required from the primary stator
windings to maintain the needed output terminal voltage.
[0034] FIG. 7A provides a configuration 700A for con-
trolling aircraft VFG over voltage. In this configuration,
each secondary stator winding 106 can be coupled to an
individual switch for controlling each winding. In config-
uration 700A the secondary stator windings are repre-
sented by inductors 704, where each inductor is coupled
to a separate switch 702. In an embodiment, the switches
are controlled by a GCU which operates the switch 702
based on a PWM signal. The synchronous reactance and
emf of the VFG can be regulated by a set of magnetically
coupled stator windings that are PWM switched with a
semiconductor switch.
[0035] Now referring to FIG. 7B, a different configura-
tion 700B for controlling aircraft VFG over-voltage is
shown. In this particular configuration, each of the sec-
ondary stator windings 106 is coupled to a common or a
single switch. The configuration of 700B represents each
winding of the secondary stator winding as an inductor
704, where each inductor 704 is coupled to a common
switch 702. In an embodiment, the switch is a PWM con-
trolled switch being controlled by a GCU to vary the PWM
signal supplied to the secondary stator windings.
[0036] Referring now to FIG. 8A, a first switch config-
uration 800A for controlling aircraft VFG over-voltage is
shown. The first configuration 800A includes two transis-
tors that are coupled together in series that can be con-
nected to each individual winding of the secondary wind-
ing. FIG. 8B provides a second configuration 800B for
controlling aircraft VFG over-voltage. The configuration
800B is similar to 800A however the position of the two
transistors is reversed. FIG. 8C provides a different con-
figuration for controlling aircraft VFG over-voltage.
[0037] Referring now to FIG. 8D, a configuration 800D
for a single common switch for controlling aircraft over-
voltage is shown. The switch configuration 800D can be
couple to the secondary stator windings 106 as shown
in FIG. 1.
[0038] Now referring to FIG. 9A, a graph 900A for con-
trolling VFG over-voltage is shown. Graph 900A provides
the equivalent stator synchronous inductance against the
PWM duty cycle. Three graphs are shown. The first graph
904 provides the result of the VFG operating at 400Hz.
A second graph 906 provides the result of the VFG op-
erating at 600Hz. A third chart 908 provides the result of
the VFG operating at 800Hz. As shown in the three
graphs, as the PWM duty increases the synchronous in-
ductance of the stator is reduced.
[0039] FIG. 9B illustrates a different graph 900B for

controlling VFG over-voltage. Graph 900B provides three
different graphs of the equivalent stator reactance
against the PWM duty for operating the VFG at different
frequencies. A first graph 914 provides the operation of
the VFG at 400Hz. A second graph 916 provides the
result of the operation at 600Hz. A third graph 918 pro-
vides the result of operation at 800Hz. Graph 900B illus-
trates that as the frequency increases the synchronous
reactance increases for a given PWM duty cycle where
the 400Hz reference line 910 is used. Also, as the PWM
cycle increases used to control the secondary stator
windings, the synchronous reactance for each graph be-
gins to decrease.
[0040] While the present disclosure has been de-
scribed in detail in connection with only a limited number
of embodiments, it should be readily understood that the
present disclosure is not limited to such disclosed em-
bodiments. Rather, the present disclosure can be mod-
ified to incorporate any number of variations, alterations,
substitutions or equivalent arrangements not heretofore
described, but which are commensurate with the scope
of the present invention as defined by the claims. Addi-
tionally, while various embodiments of the present dis-
closure have been described, it is to be understood that
aspects of the present disclosure may include only some
of the described embodiments. Accordingly, the present
disclosure is not to be seen as limited by the foregoing
description, but is only limited by the scope of the ap-
pended claims.

Claims

1. A system for controlling aircraft variable frequency
generator VFG over voltage under fault or load-shed,
the system comprising:

a control unit for generating signals to maintain
a terminal output voltage and frequency; and
a variable frequency generator, coupled the
control unit, for generating the terminal output
voltage, the variable frequency generator com-
prising:

a stator (102) comprising a set of primary
stator windings (104) and a set of secondary
stator windings (106) for generating the ter-
minal output voltage; and
a switch (108) coupled to the set of second-
ary stator windings, the switch is configured
to operate at a threshold frequency of the
VFG to regulate the terminal output voltage
by supplementing the terminal output volt-
age produced by the set of primary stator
windings reducing the VFG fault over-volt-
age.

2. The system of claim 1, wherein each secondary sta-
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tor winding (106) is coupled to and controlled by at
least one of individual switches or by a single com-
mon switch.

3. The system of claim 1 or 2, wherein the switch (108)
is a pulse-width modulated PWM controlled switch.

4. The system of any preceding claim, wherein the con-
trol unit is a generator control unit for controlling the
set of primary stator windings and the switch coupled
to the set of secondary stator windings.

5. The system of any preceding claim, wherein the set
of secondary stator windings (106) comprises a wire
gauge or number of strands in hand different than
that used in the primary stator windings, and the sec-
ondary stator windings comprises a different number
of turns than the primary stator windings.

6. The system of claim 1, configured to operate the VFG
above a configurable threshold frequency, the set of
secondary stator windings supplement the set of pri-
mary stator windings by reducing an amount of ex-
citer current supplied to the set of primary stator
windings and increasing the amount of exciter cur-
rent suppled to the set of secondary stator windings
while maintaining the terminal output voltage.

7. A method for controlling aircraft variable frequency
generator VFG over voltage under fault or load-shed,
the method comprising:

generating signals, by a control unit, to maintain
a terminal output voltage and frequency of the
VFG;
generating, by the VFG, the terminal output volt-
age, the VFG comprising a stator comprising a
set of primary stator windings and a set of sec-
ondary stator windings for generating the termi-
nal output voltage; and
operating a switch coupled to the set of second-
ary stator windings, the switch being configured
to operate at a threshold frequency of the VFG
to regulate the terminal output voltage by sup-
plementing the terminal output voltage pro-
duced by the set of primary stator windings re-
ducing the VFG fault over-voltage.

8. The method of claim 7, wherein each secondary sta-
tor winding is coupled to and controlled by at least
one of individual switches or a single common
switch, wherein the switch is a pulse-width modulat-
ed PWM controlled switch.

9. The method of claim 7 or 8, wherein the control unit
is a generator control unit for controlling the set of
primary stator windings and the switch coupled to
the set of secondary stator windings.

10. The method of any claims 7 to 9, wherein the set of
secondary stator windings comprises a wire gauge
or number of strands in hand different than that used
in the primary stator windings, and the secondary
stator windings comprises a different number of turns
than the primary stator windings.

11. The method of any of claims 7 to 10, further com-
prising operating the VFG above a configurable
threshold frequency, the set of secondary stator
windings supplement the set of primary stator wind-
ings by reducing an amount of exciter current sup-
plied to the set of primary stator windings and in-
creasing the amount of exciter current supplied to
the set of secondary stator windings while maintain-
ing the terminal output voltage.

12. The method of any of claims 7 to 11, wherein the
terminal output voltage is regulated by adjusting the
PWM duty cycle of the switch controlling the set of
secondary stator windings, wherein the adjustment
of the PWM duty cycle is based on the frequency of
the VFG.

13. The method of any of claims 7 to 12, responsive to
detecting a fault, operating the switch to prevent a
supply of current to the set of secondary windings
and maintaining the terminal output voltage using
the set of primary windings.
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